In this paper, we explore xyloglucan adsorption to cellulose nanofibers as a method for the evaluation of their quality (i. e., the degree of disintegration) and the accessible surface area in the wet state and at low ionic strength. This method was shown to be capable of estimating the surface areas of 14 different cellulose nanofiber qualities from both hardwood and softwood with different pretreatments, including enzymatic hydrolysis using a monocomponent endoglucanase, TEMPO-mediated oxidation, and carboxymethylation. The cellulose surface measured using this method showed a correlation with the degree of disintegration expressed as transmittance for different concentrations of xyloglucan.
Introduction
Cellulose is one of the technically most important biopolymers available on Earth (Dick et al. 2009 ). It is not only used in traditional products such as paper, board and cellulose derivatives but also in novel products, such as cellulose nanofibers (CNF) (Klemm et al. 2005) . Its use is predicted to increase during the coming decades, due to its renewability and sustainable growth. Cellulose naturally occurs as complex cell wall structures in plants organized in several hierarchic levels (Fratzl and Weinkamer 2007) . The exposed cellulose surface area is an interesting and partly unpredictable parameter that is also of high technical importance. The cellulose surface area plays a crucial role in determining the fiber-fiber interaction which is an important parameter for the tensile strength of paper (Page 1969) and also affects the chemical reactivity (Nelson and Oliver 1971) . However, the measurement of cellulose surface areas is an arduous task from both theoretical and practical perspective.
The most common and recognized method for the measurement of the specific surface area (SSA) is by using the Brunauer Emmett and Teller, (BET) method of gas adsorption (Brunauer et al. 1938) . This method requires the analyzed sample to be completely dry, and the drying of cellulosic pulp fibers results in the collapse of the pores, irreversible hydrogen bonding and possibly lactone bridge formation i. e., hornification, resulting in a drastic decrease in cellulose surface area and an underestimation of the SSA (Fernandes Diniz et al. 2004 , Scallan 1974 . Svensson et al. (2013) circumvent the problem of hornification by drying the samples using a solvent exchange procedure; but as was shown previously by Moser et al. (2016) , the specific surface area of enzymatically treated cellulose nanofibers dried using this method is too large, leading to an overestimation of the specific surface area making the BET method unreliable for this purpose. 
It would be advantageous to measure cellulose surfaces in an aqueous state and thus limit the effect of hornification. Some dyes have the capacity for staining cellulose (Inglesby and Zeronian 1996 , Inglesby and Zeronian 2002 , Ougiya et al. 1998 ) and by knowing m a (the mass of the adsorbate, xyloglucan, adsorbed on the mass of CNF, m m ) and the size of the adsorbing molecule S a (nm 2 ) it is possible to calculate the specific surface area using Equation 1 (Ougiya et al. 1998) where N a = 6.022 × 10 23 mol
and M w is the molar mass of the adsorbing molecule. However, in the procedure for the dye adsorption to the cel-lulose surface, the ionic strength of the solution is high enough to induce aggregation of the cellulose nanofibers (Fall et al. 2011 ) rendering the method ineffective for the measurement of specific surface areas of charged cellulose nanofibers. Thus, there is a need for simple methods that allow the determination of cellulose surface area without drying the material and at low ionic strength. The polysaccharide xyloglucan (XG), from the Tamarind tree (Tamarindus indica) is interesting since it dissolves in water and forms a colored complex with iodine that can be quantified spectrophotometrically at λ = 660 nm (Fry 1989 , Gaillard et al. 1969 , Yuguchi et al. 2005 . Most importantly xyloglucan adsorbs specifically and irreversibly to cellulose at a low ionic strength in single layers (Benselfelt et al. 2016 , Christiernin et al. 2003 and Ougiya et al. (1998) explored the use of xyloglucan adsorption as a method for the determination of the cellulose surface areas. The adsorption of xyloglucan to cellulose is governed by the displacement of water molecules from the surface (Benselfelt et al. 2016) , possibly favoring crystalline domains (Hayashi et al. 1994) , and depending on the molecular weight of the xyloglucan it adsorbs in trains or loops which may form cross-bridges (Lopez et al. 2010 , Whitney et al. 1995 , Villares et al. 2015 . These findings highlight the importance of using precise concentrations of xyloglucan with a low polydispersity index for the quantification of adsorbed amounts. Lignin has shown indications of hindering the adsorption of xyloglucan (Zhou et al. 2006) . In this work, we aim to expand the knowledge base of this method by employing a similar concept for a variety of cellulose nanofibers. In an earlier study (Moser et al. 2016) , we used the polysaccharide xyloglucan for tracking the increase of cellulose surface area during the production of cellulose nanofibers, as a complement to BET measurements, and it was shown that the method is capable of following the disintegration to a higher degree than its counterpart BET.
In this work, we present a method for measuring the specific cellulose surface area on different samples based on xyloglucan adsorption. The potential and limitations of the method are discussed.
Materials and methods
Xyloglucan was purified from tamarind kernel powder by dissolution in 60°C deionized water for one hour followed by centrifugation (Beckman coulter ® , US) carried out three times at 10k RCF.
Ion exchange using Q Sepharose, (GE Healthcare Life Science, US) was also performed for further purification. The diluted purified sample was rotor evaporated (IKA RV 10 Basic, IKA-Werke, GE) at 60°C to the concentration of approximately 10 % before being subjected to freezedrying (ScanVac coolsafe, ScanVac). The molecular mass distribution was measured using a sizeexclusion chromatograph (SECurity 1260, polymer standard services, Mains, GE) with a refractive index detector coupled to a multiple-angle laser light scattering detector (BIC-MwA7000, Brookhaven instrument Corp., US). The measurements were carried out for four concentrations, 1-4 g l −1 , at 60°C and at a flowrate of 0.5 ml min −1 with dimethyl sulfoxide (DMSO, HPLC grade, Sigma-Aldrich, SE) and 0.5 % LiBr (RegeantPlus) as the mobile phase according to the procedure employed by Carvalho et al. (2017) . The columns used were a PSS GRAM guard column, together with two columns in series, a 100 Å PSS GRAM (300×8 mm, 10 µm particle size), and a 10 000 Å PSS GRAM (300 × 8 mm, 10 µm particle size). The refractive index increment (dn/dc) for xyloglucan in DMSO/LiBr was measured by experimentally injecting different concentrations during SEC separation and was estimated as 0.0585 mL/g. Acid insoluble lignin (Klason) content and sugar analysis were performed following the method of Carvalho et al. (2017) . The degree of polymerization (DP) was estimated using the same procedure as that used previously Moser et al. (2015) . Charge density was determined by conductometric titration (Conductometric titrator, Metrohm, CH), using 0.2 g acid washed pulp in 500 ml MilliQ water (MilliQ, Merck, GE), 5 ml 0.01 M HCl and 1 ml 0.1 M NaCl.
Laboratory kraft cooked softwood (P. abies) and hardwood (Eucalyptus) were treated with 0.6 g sodium chlorite and 0.6 g acetic acid per gram pulp for two hours at 70°C. After extensive washing a portion of the sample was alkali extracted in 9 % NaOH at 24°C for one hour. Fibers from each stage were pretreated using endoglucanase (Fibercare ® , Novozyme, DE) at 25 ECU (g pulp)
and 55°C for one hour at a concentration of 10 % in a pH 6.8 phosphate buffer. Carboxymethylated (0.1 degree of substitution, 600 µmol g −1 ) and TEMPO-oxidized (800 µmol g −1 ) dissolving pulps were supplied by RISE bioeconomy, Stockholm, SE and Cellutech, Stockholm, SE respectively. The pretreated pulps were fluidized (Microfluidizer M-110EH, Microfluidics Corp., US) for one pass in 400/200 µm chambers and then one (5 MWh t −1 ) or four (14 MWh t −1 ) passes in 200/100 µm chambers. All CNF samples were diluted to 0.2 g l −1 using an Ultra Turrax ® (T25 digital, IKA, GE) for 5 min at 12k RPM. The sample nomenclature and treatment are summarized in Table 2 .
Potassium iodide (Sigma-Aldrich, Acros >99 %) (0.5 %) and iodine (sublimated, Sigma-Aldrich, Acros >99.5 %) (1 %) were dissolved in deionized water. The obtained solution was mixed with 20 % sulfuric acid at a 1:5 ratio. Congo red dye (>35 % dye content, Sigma-Aldrich) was dissolved in water by ultrasonication.
Xyloglucan concentration was varied from 1 to 0.1 mg ml −1 for 1 mg ml −1 for SE14. The concentration of SE14 was varied from 2 to 0.01 mg ml −1 at fixed xyloglucan concentrations of 0.02 mg ml −1 and 0.05 mg ml −1 .
All enzymatically treated CNF were mixed at 0.5 mg ml −1 with 0.05 mg ml −1 xyloglucan. xST and xSC were mixed at 0.17 mg ml −1 with 0.05 mg ml −1 xyloglucan. For each sample containing CNF, a reference sample with the same xyloglucan concentration albeit without CNF was prepared. Stock solutions of 2 g l −1 were used for dilution and all samples had a final volume of 2 ml and were incubated for 18h at 24°C and 800 RPM in a thermo mixer (Multi-Therm, Benchmark, USA). After incubation 200 µL of the solution was added to 1 mL iodine sulfuric acid solution and then centrifuged at 15k RPM (Minispin Plus, Eppendorf AB, GE) for 90 s to remove any cellulose. The samples were kept in the dark for 30 min prior to being analyzed in a spectrophotometer (UV-2550 UV-vis spectrophotometer, Shimadzu, JP) at λ = 660 nm.
The absorbance difference between the samples with and without CNF is a measure of the amount of xyloglucan adsorbed to the surface of the CNF. This value is then used to calculate the actual amount (in mg) of adsorbed xyloglucan.
CNF samples were subjected to transmittance measurements, λ = 550 nm (UV-2550 UV-vis spectrophotometer, Shimadzu, JP) at 1 g l −1 .
Congo red (CR) was adsorbed to SE14, SE11 and xST according to the procedure of Ougiya et al. (1998) .
Results and discussion
Two unbleached chemical pulps, one kraft hardwood, and one kraft softwood were subjected to two different pretreatments, namely, chlorite delignification and alkali extraction. These and an untreated control were thereafter fluidized to two degrees. Furthermore, an industrially bleached softwood Kraft pulp was TEMPO-oxidized or carboxymethylated, and fluidized, as specified in Table 1 . After fluidization, the transmittance of the solutions increased in line with the results obtained in our previous study (Moser et al. 2016) , where it was shown that transmittance provides a measure of to the degree of disintegration (Figure 1 ). Thus, a collection of cellulose nanofibers with different degrees of disintegration was obtained, and these were used to test the xyloglucan adsorption method for the determination of the cellulose surface. When varying the amount of cellulose nanofibers with constant xyloglucan concentration, a slightly curved relationship between the amount of cellulose and the xyloglucan adsorption was obtained in the measured region (Figure 2) . The curve will reach an asymptotic value as the adsorbed amount approaches closer to 100 %; therefore, it is important that the experiments are carried out within the region where the concentrations are lower than 1 mg ml CNF. For all CNF concentrations the adsorption was higher for the higher concentration of xyloglucan; this is an effect of the xyloglucan in diluted solution assuming a more extended, train-like conformation on the surface compared to at a higher concentration where there are more loops and tails (Benselfelt et al. 2016 , Villares et al. 2015 . Furthermore, this also means that the tendency for crosslinking between the xyloglucan and CNF is higher at a high concentration of xyloglucan (Zhou et al. 2007 , Winter et al. 2010 , implying that aggregation is possible; however, the aggregation occurs after the adsorption in contrast to the CR-method were aggregation occurs prior to the adsorption. In the case of 1 mg ml −1 CNF (Figure 2 ), the adsorption in both cases was 50 % and 60 % (of the total xyloglucan amount), and it is known that the remaining xyloglucan can attach to the fibers as is seen for the higher concentrations of CNF. Thus, the surfaces must be covered even though the lower concentration allows for less adsorption due to the xyloglucan assuming a more extended configuration on the surface. These results indicate that it is possible to estimate the cellulose surface area using xyloglucan adsorption with the right calibration. However, at the highest cellulose concentrations, there is a tendency for declining xyloglucan adsorption due to the lack of available xyloglucan in the solution as seen from the total adsorbed amount presented in Figure 2 . Surface saturation is assumed for two reasons, the long adsorption time (Benselfelt et al. 2016 ) and the fact that at least 50 % xyloglucan, that is capable of adsorption is left in the solution after incubation at a CNF concentration of 1 mg ml −1 (Figure 2) . It was found that more xyloglucan was adsorbed to the more highly disintegrated samples (Figure 3 ), indicating that fluidization increased the accessible surface area. The highly charged samples, xST, and xSC adsorbed significantly more xyloglucan per CNF than the natively charged samples (Figure 3 ). The influence of charge density was tested by measuring the xyloglucan adsorption on the dissolving pulp charged to various degrees, 30-1400 µmol g −1 . The adsorption was not affected by the charge density, implying that the charged samples have a significantly larger accessible surface area than their na- tively charged counterparts. It should be noted that xyloglucan is an uncharged hemicellulose. In many ways, what a surface is depends on its definition which is related to the method for measurement of the surface; the adsorbent used in BET, i. e. krypton (Kr) is a small monoatomic molecule and will cover a larger surface in a porous material, such as cellulose, than for instance the pigments used in the Congo red method. Xyloglucan is a polymer, and will therefore not adsorb in the narrowest pores and the surface detected with this method will, therefore, be smaller than for the other methods. This can be seen as a disadvantage, but for many technical applications this "polymer adsorption surface" may be more relevant than a "krypton adsorption surface". Nevertheless, there is a need to relate the xyloglucan adsorption to a specific area.
For calibration the TEMPO-oxidized cellulose nanofiber (xST) sample is considered as fully disintegrated with the theoretical surface area that can be related to the amount of adsorbed xyloglucan. The assumption that xST is fully disintegrated is supported by previous studies (Moser et al. 2015 , Zhao et al. 2017 ) that showed that xST contain >99 % of nanofibers with a lateral dimension of 2.3 ± 0.1 nm (measured from AFM height images using NanoScope Analysis 1.4 on 200+ nanofibers). It is therefore postulated that we have a quality resembling a fully disintegrated material that according to Svensson et al. (2013) , corresponds to the specific surface area of 762 m 2 g −1 if the lateral dimension is 3.5 nm. Based on this, the value of S a , i. e., the area occupied by a single molecule, or in this case a theoretical calibration constant, was calculated to be 6671 nm 2 when the concentration of xyloglucan was 0.04 mg ml −1 and 4746 nm 2 for 0.05 mg ml −1 during adsorption to the fully disintegrated xST. Calibration was performed by using the calculated S a value (in Equation 1) for the two different xyloglucan concentrations shown in Table 3. It is possible that several nanofibers bind to a single molecule of xyloglucan, and the value of S a is therefor considered to be a theoretical calibration parameter, relevant for a specific concentration of xyloglucan, rather than the true value for the molecule on the surface. There was little to no difference in the SSA values obtained by using Congo red adsorption for the three samples (SE11, SE14, and xST) ( Table 3 ). This means that the method could not distinguish between either an increased energy input (SE11 and SE14) or the charge difference (xST and SE14); the latter being a phenomenon caused by the colloidal instability of the CNF at the ionic strength of the performed experiment of 100 mM which shows the aggregation of cellulose nanofibers irrespective of charge and pH (Fall et al. 2011 ). Congo red is furthermore considered as a carcinogenic substance and its use should be avoided (Afkhami and Moosav 2010) . Xyloglucan adsorption depends on the starting concentration with less xyloglucan adsorbed for a lower concentration as seen in Figure 2 and Figure 4 As shown in Figure 2 , at the CNF concentration of 1 mg ml −1 only 50 and 60 % of the total amount of xyloglucan has been adsorbed to the surfaces for the corresponding starting concentrations, however, even with free xyloglucan available for adsorption, the total adsorbed amount is twice as high for the sample with the higher concentration. These findings are in agreement with previous kinetic studies of xyloglucan adsorption (Benselfelt et al. 2016 , Villares et al. 2015 where it was shown that xyloglucan adsorbs in more extended configuration when adsorbed from a more dilute suspension. This gives rise to an issue when attempting to measure the specific surface area by utilizing m a , since this requires the knowledge of the area occupied by a single molecule (S a Equation 1) (Ougiya et al. 1998 ). However, due to the long adsorption times (18h) for these experiments, it is expected that the maximum adsorption for the various specific concentrations has been reached. Correlation of the degree of disintegration, measured as the transmittance, with the calculated surface areas for two concentrations of xyloglucan (from Table 3 face area increase follows the disintegration, as expected (Moser et al. 2016) . Furthermore, the two concentrations showed a close correlation after calibration, with a coefficient of determination of 0.99. This validates the method of calibration for small changes in the concentration. Due to the higher surface area of the highly charged samples, xST and xSC, their concentration had to be lowered in order to obtain good statistical measurements, contributing a source of error for the SSA measurements and the size of the adsorbed xyloglucan; however, these errors are considered to be small enough so that the presented data are still valid. Additionally, it has been shown that the charge density does not significantly affect the adsorption of xyloglucan (Moser et al. 2018) .
Adsorption of xyloglucan for the measurement of the specific surface area of cellulose nanofibers has several benefits: this method does not require the material to be dried and the xyloglucan molecules are too large to enter smaller pores so that the measured surface area corresponds to the area that could interact with matrices or other nanofibers. Furthermore, this method is simple and would be easy to implement both industrially and at other research institutions. It could also be further improved and simplified by the introduction of functional groups onto the xyloglucan enabling quantitative measurements without the use of iodine (Zhou et al. 2007 ).
Conclusions
1. Xyloglucan adsorption to cellulose nanofibers was correlated with the disintegration degree measured as transmittance, showing that the method works for the determination of the surface area without drying or introduction of ionic strength. 2. It was possible to calibrate the xyloglucan adsorption to a specific surface area by using a reference material with a known specific surface area. The calibration is dependent on the molecular weight profile, the degree of side chains etc., in addition to the concentration from which the xyloglucan is adsorbed. It is therefore necessary to calibrate different batches of xyloglucan if precise quantification of surface areas are to be measured. Xyloglucan with well controlled properties can be manufactured for surface area measurements in the future. 3. The method is simple, reliable, measure a technically relevant parameter and could be used as a quantitative quality measurement for cellulose nanofiber production.
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